Abstract: We propose a planar ultrathin absorber concept exploiting plasmonic resonance absorption enhancement. We calculate a maximum absorption of 89.8% for TM-polarized normally incident light in a 5-nm thin-film absorber with a single-pass absorption of only 1.7%, i.e., a 53 times increase in absorption. Broadband and wide-angle absorption is demonstrated. Averaging over isotropic incidence for TM polarization, the absorption is enhanced by a factor of 48. Despite low TE absorption, the average absorption enhancement over all angles and both polarizations is 28, well above the 2-D Lambertian light-trapping limit of n.
Introduction
Thin-film solar cells are considered to be an effective route to cut the price of power generated from photovoltaics [1] . While current thin-film modules are based largely on amorphous Si, CdTe, and CIGS technology, there is growing interest in alternative strongly absorbing and earth-abundant inorganic semiconductors, which may offer low extraction costs and global-scale capacity [2] . The electrical properties of many such materials are poor, and electrons and holes can only travel several tens of nanometers before recombination. Therefore, to increase energy conversion efficiency, the absorbing layer thickness has to be on the order of nanometers so that the photocarriers (electron-hole pairs) can be fully collected. In such thin layers, light absorption is normally low. To compensate the reduced light absorption in such thin layers, extremely-thin-absorber (ETA) solar cells were proposed, in which the thin absorber is multiply folded such that the surface area of the absorber is substantially increased [3] . However, the increased surface area contributes to larger electron-hole recombination losses, decreases open circuit voltage, and, ultimately, limits conversion efficiency [4] . In order to exploit the range of earth-abundant semiconductors for solar cells, a strongly absorbing structure with a thin, planar semiconductor layer is desirable.
There have been many studies on nanostructured materials that show very high absorption in some part of the spectrum [5] - [13] . Such Bperfect absorbers,[ in most cases, are based on absorption in a nanostructured metal and include spherical void, nanoparticle, and square patch nanoantenna geometries, among others [5] - [7] . For a solar cell, a semiconductor layer must also be included, and it is crucial that the vast majority of the absorption occurs in this layer, where it will lead to generation of electron-hole pairs, rather than in metal, where it will be lost as heat. There have been a limited number of studies where the aim has been to achieve high absorption in an ultra-thin semiconductor layer [14] - [19] . Collin et al. demonstrated a grating of alternating layers of metal and semiconductor for photodetector applications and achieved strong absorption in 40 nm GaAs wires [14] . Wang et al. proposed a checkerboard metallic structure sandwiching a 15 nm a-Si layer and showed that strong, broadband absorption could be achieved [15] . Core-shell geometries that can achieve strong absorption using a semiconductor shell around a metallic core have also been proposed [16] .
In this paper, we propose a simple planar geometry for ultra-thin solar cell absorbers using plasmonic near-field enhancement. We use a planar structure for the semiconductor as this is expected to minimize electronic losses at the surfaces and metal on only one side of the active layer as this would simplify fabrication. We present numerical simulations showing strong broadband light absorption enhancement in an extremely thin absorber over a wide range of incident angles, with very low losses in the metal.
Simulations
The planar ultra-thin absorber geometry that we consider is shown in Fig. 1(a) . It consists of a 5 nm planar absorbing layer at the rear of a semi-infinite, high index superstrate, with sub-wavelength grating formed from silicon dioxide ðSiO 2 Þ and silver (Ag) grating below. Light is incident from above, and we consider only TM-polarized incident light, since TE polarization will not excite surface plasmon modes in this 1D periodic structure. We use 2D finite element simulations to investigate numerically the light reflectance and absorption in the thin absorber layer and in the metal. The material properties we consider here are based on GaAs for the superstrate and InGaAs for the absorbing layer, but we note that the plasmonic enhancement mechanism is generic, and the geometry could be readily adapted to other materials such as earth-abundant and strongly absorbing inorganic semiconductors or organic semiconductors. For this study, we consider near infra-red wavelengths ( 0 9 900 nm, with 0 being the wavelength in vacuum) where the GaAs superstrate is transparent, but the thin absorber layer has a relatively strong absorption coefficient. In order to focus on the physical mechanism of absorption enhancement, we neglect the refractive index dispersion in the semiconductor layers and use a refractive index n ¼ 3:5 for the transparent superstrate. For the absorber, we use a complex refractive index n ¼ 3:6 þ 0:27i, which corresponds to an absorption co-efficient ¼ 3:39Â 10 4 cm À1 at a wavelength of 1000 nm. The dispersive optical properties for silver are taken from Ref. [20] .
The green line in Fig. 1(b) shows the absorption in the semiconductor absorber layer for the allplanar structure (without grating or mirror) under normal incidence. The average absorption is $4%, much too low for an effective solar cell. The absorption is increased to $13.6% by incorporating a periodic grating of Ag stripes with a dimension of 100 nm Â 25 nm and a period of 120 nm, in direct contact with the absorbing layer, shown as the blue line in Fig. 1(b) . To further increase the light absorption in the film, an Ag reflective substrate (mirror) of 100 nm thickness is put immediately below the grating, resulting in the structure shown in Fig. 1 (a) and absorption in the semiconductor shown by the red curve in Fig. 1(b) . The mirror is thick enough to reflect all of the light, and there is no transmission. Addition of the mirror increases the maximum absorption to 89.8% at 0 ¼ 1005 nm [see Fig. 1(b) ], corresponding to a 22.5 times absorption enhancement relative to the all-planar structure. This is the absorption in the 5 nm semiconductor layer only; absorption in the metal (Ag stripes and Ag mirror) remains low at $9.6%. The total absorption in the structure is shown by the black line in Fig. 1(b) , illustrating that 99.4% of the incident light is absorbed at a wavelength of $1005 nm. The plasmonic absorption enhancement is also relatively broadband, with absorption above 50% over $170 nm. If the high-index superstrate is removed (results not shown), the resonance blue shifts to 850 nm, and the peak absorptance in the semiconductor is reduced from about 90% to about 75%. This indicates that the superstrate assists absorption in the semiconductor and that large absorption enhancements can also be achieved without the superstrate.
The dotted black line in Fig. 1(b) shows the single pass absorption of the semiconductor film, given by A ¼ 1 À expðÀt abs Þ ¼ 1:7%, where t abs ¼ 5 nm is the film thickness. The absorption enhancement is the ratio of the absorption in the semiconductor with the nanostructure (89.8%) to the single pass absorption, i.e., the absorption is enhanced by a factor of 53.
In our simulations, we have considered light incident from within the high-index GaAs superstrate. In a real device, the light would be incident from air, and there would be additional reflection at the air/GaAs interface. However, this could be reduced to a very low level by the use of an antireflection coating between the air and GaAs.
Angular and Thickness Dependence
Absorption in the semiconductor layer remains above 80% for incident angles from 0 to 80 at 0 ¼ 1005 nm, as shown in Fig. 2 . The angle-averaged absorption is 81.9%; 48 times higher than the single-pass absorption.
This structure does not show enhancement for TE polarized light, and the angle-averaged TE absorption is 1.3%. Even with such low TE absorption, the average absorption over all angles and both polarizations is 41.6%, which corresponds to an absorption enhancement of 28. This is well above the 2D Lambertian light-trapping enhancement limit of n (i.e., $11) [18] , [19] . The Lambertian value is a theoretical limit for isotropic incidence for structures that can be described using geometric optics, but higher values can be reached using wavelength-scale structures [21] - [24] . The strong enhancement shown in Fig. 1 is provided by an increased optical near-field close to the metal grating, associated with a high local density of optical states [25] .
Discussion
To better understand the mechanism of the absorption enhancement, we have investigated how the optical properties of the structure change with grating depth. Fig. 3 shows the reflectance and absorptance of the full structure as a function of grating depth, showing regular sharp peaks in the absorptance, separated by broader peaks in the reflectance (i.e., dips in the absorptance). Also, shown in Fig. 3 are field intensity plots at grating depths corresponding to maximum and minimum absorptance in the semiconductor layer. Fig. 3 . Reflectance, absorptance in semiconductor layer, and absorptance within Ag vs. grating depth under normal incidence at 0 ¼ 1005 nm. Also field intensity plots ðjE j 2 Þ at grating depths of (i) 24 nm, (ii) 180 nm, (iii) 205 nm, (iv) 360 nm, and (v) 388 nm, corresponding alternately to absorption maxima and minima. Fig. 2 . Incident-angle dependence of absorption in the semiconductor (red line) and the total absorption (black line) for the structure shown in Fig. 1(a) with the Ag-stripe grating and Ag mirror. Inset: Absorption vs. thickness for the same structure under normal incidence. Both sets of data are calculated for an incident wavelength of 0 ¼ 1005 nm.
The field profiles and the periodic variation in the absorptance are clear evidence of a FabryPerot effect, with an associated high field in the InGaAs layer at certain grating depths. From the field plots, we find that the vertical spacing between nodes in the electic field profile is 180 nm. This is consistent with the spacing between the peaks in absorptance in Fig. 3 . For a simple resonant cavity, the distance between the nodes is half a wavelength, i.e., from the numerical simulations, the wavelength of the propagating mode within the grooves is 360 nm.
The SiO 2 -filled gaps between the Ag stripes can be understood as slot waveguides, or metalinsulator-metal (MIM) waveguides, which can support modes that propagate in the vertical direction. Since the incident light polarization is TM, the fundamental mode of the MIM waveguide has no cutoff. Therefore, incident light can excite a mode in the slot even when it is much narrower than the wavelength, as is the case considered here. The mode propagates to the bottom of the slot, where it is reflected by the Ag mirror. The dispersion relation for TM polarized light propagating along the z-direction within a MIM waveguide is given by [21] , [22] 
where " m and " i are the permittivities of the metal and insulator, respectively; k m and k i are the x -components of the wave vector in each material; and T is the thickness of the insulator, in this case, the 20 nm SiO 2 spacer between the Ag stripes. The wave vector components
are defined from momentum conservation, with k as the z-component of the wave vector. (Here, z is the direction parallel to the grating grooves and normal to the semiconductor surface, while x is perpendicular to the grooves and in the plane of the semiconductor surface). Note that equation (1) is for the symmetric mode, as the asymmetric mode cannot be excited by normally incident light. By solving equation (1), we find the effective wavelength of the propagating mode, i.e., eff ¼ 2=k ¼ 363 nm, in excellent agreement with the wavelength inferred from the numerical simulations. The high field at the top of the grooves is somewhat shifted from the position expected from the MIM model, which may be due to the change of phase at the top of the groove. From this model, we can understand that the mirror at the rear of the grating suppresses not only the transmission of incident light but also the reflection due to destructive interference between the fields reflected from the top of the grating and the mirror. When the resonance condition for the MIM mode is satisfied, light is trapped in the cavity between the absorbing layer and the mirror until it is absorbed. At the same time, the strong field enhancement near the top surface of the grating ensures preferential absorption in the semiconductor, rather than in the metal walls of the slot. As the slot depth is increased, the light traverses a longer section of the MIM waveguide, so the relative absorption in the metal increases at each successive resonance, as seen in Fig. 3 .
The strong local field enhancement at the top of the grating is not simply due to the resonance in the slot. As clearly shown in Fig. 3 , there is a strong field concentration at both corners of the Ag stripes in the thin absorber layer. This near-field enhancement is associated with a localized resonant surface plasmon polariton (SPP) mode at the interface between the metal and high-index superstrate [26] . The wavelength at which the field concentration is strongest is determined by this localized plasmon resonance. We have calculated the scattering cross-section for an isolated Ag stripe of 100 nm width on the superstrate and found that the scattering resonance is centered at a wavelength of 1000 nm. The near-field enhancement is thus attributed to the interference between the Fabry-Perot like mode confined between the metal stripes and the localized plasmon mode confined at the metal-superstrate interface. The light absorption in the semiconductor thin film is therefore significantly increased, as shown in Fig. 1 .
Efficient suppression of reflected light is only possible when there is a single reflected diffraction order in the superstrate, which puts an upper limit on the grating period. Based on this condition, we set the grating period to be 120 nm so that only the specular diffraction order is present in the superstrate for the whole studied spectrum under all the incident angles. Because only the specular diffraction order is present, the absorptance of these types of structures could also be understood by treating the grating as a metamaterial with an effective refractive index [27] . However, since the period of the grating is $1/3 of the reduced wavelength =n, the system is far from the homogenization limit, and an effective medium approach could only provide qualitative information for the case we study here. Fig. 4 shows the reflectance of the structure with (red line) and without (blue line) the absorber layer. We can see that dips in the reflectance also occur when the absorber is not present, but in this case, low reflectance (strong absorptance) only occurs for large grating depths. These resonances (without an absorber layer) have also been observed by Bonod et al. for rectangular metal grooves [28] . A similar response was also reported by Sobnack et al. [29] for rounded V-shaped grooves, where the MIM mode contributing to the absorptance was identified. Sobnack et al. also observed that because the absorption is due to standing waves, they can be excited for a zeroorder grating, which leads to flat dispersion curves and strong absorption of light for a wide range of angles. For rectangular grooves, we observe a high field near the top of the grooves. This is not seen by Sobnack et al., probably because their groove is relatively wide at the top, and an MIM mode requires coupling of two plasmons propagating along metal dielectric interfaces. When the absorber layer is present, this high field near the top of the grooves occurs within the absorber, leading to the strong absorption we report here. Thus, when the absorber layer is present, strong absorption can be achieved for shallow as well as deep gratings, and in addition, the absorption occurs predominantly in the semiconductor, rather than in the metal. We also observe in Fig. 4 a slightly larger distance between the peaks for the case with absorbing layer than for the case without. We attribute this to a slight red-shift of the effective wavelength of the MIM mode, due to the high polarizability of the semiconductor absorber.
Fowler et al. have studied a related structure for photodetector applications [30] . In that case, they made use of a different mode of the structure, which they described as a hybrid mode, whereas here the absorption comes from a cavity mode. The semiconductor absorber thickness they considered was also much higherV100 nm compared to the 5 nm thickness we consider here.
We have demonstrated that very high absorption can be achieved in a nanometer thin layer, which has important implications for earth-abundant inorganic materials, quantum dots, and organic solar cells. In order to make a solar cell based on this optical structure, a suitable electrical design would also be required. However, this structure represents a step toward high-performance, ultrathin solar cells from cheap materials with low electronic quality. 
Conclusion
We have demonstrated a strongly absorbing ultra-thin solar cell concept based on plasmonic nearfield enhancement and resonance effects. For an absorber only 5 nm thick, we calculate 89.8% maximum light absorption for normally-incident TM-polarized light, corresponding to an absorption enhancement of 53 compared with single-pass absorption. Furthermore, the enhancement is relatively broadband and angle-independent, with 9 50% absorption possible over a 170 nm wavelength range and over 80% light absorption for incident angles of 0 to 80 , corresponding to an absorption enhancement of 48 when averaged over all incident angles. Extending this concept to 2D periodic grating geometries is expected to provide strong angle-and polarization-independent absorption.
